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EATIOMAL ADVTSOEY COMMITTEE FOR AERONAUTICS 
RESEARCH MEMORANDUM 

IGNITION-ENERGY EEQUIREMEHTS IN A SINGLE TUBULAR COMBUSTOR 

By Hampton H. Foster 


SUMMARY 

An investigation was conducted to determine the .miniTnuTn spark 
energy required for ignition in a single taObular combustor. Data were 
obtained at simulated static sea-level engine starting conditions for 
a wide range of ambient temperatvires, and also for a range of altitude 
inlet-air presstires and air -flow rates. The inlet -air pressvire and 
flow rates limiting ignition are ccm®ared with those limiting steady- 
state burning in the combustor. Three different fuels were used to 
indicate the effect of fuel volatility on ignition. 

A decrease in ambient temperature from 70° to -60° F at sea-level 
engine -cranking conditions required an increase in spark energy from 
0.022 to about 1.5 joules for ignition in the combustor with the least 
volatile fuel investigated; comparable trends were obtained with more 
volatile fuels. The altitude ignition limits were extended by increas- 
ing the spark energy, above that of the conventional system. A spark 
energy of approxiiaately 10 joules per spark at a sparking rate of 8 per 
second gave satisfactory ignition at combustor-inlet conditions close 
to the steady-state burning limits of the combustor at low and inter- 
mediate air-flow rates. The ignition-energy requirements at both sea- 
level and altitude combustor -inlet conditions generally decreased with 
an Increase in fuel volatility. 


INTRODUCTION 

Reliable ignition in the turbojet ermine is important at sea-level 
conditions prior to take-off of the aircraft. It is particularly vital 
at altitude for restarting of an engine in which conibuBtion blow-out 
Vin.R occurred and for the starting of auxiliary thrust engines. The 
altitude starting problem has become more critical as the steady-state 
operational limits of the engine have increased. 

Fundamental experiments (reference l) have shown that decreases 
in pressure require very large increases in ignition energy; for example, 
with a mixture of propane and air under ideal conditions for ignition 
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(optimum composition^ homogenous, qtiiescent mixture) the ignition energy 
must he increased from 0.27 to 34 mlllijoules, or about 125 times, for 
a reduction in pressure from atmospheric (sea level) to l/lO atmospheric 
pressure (pressijre at 55,000-foot altitude). Large increases in igni- 
tion energy are also req.uired for departures’ in the fuel-air ratio to 
either the lean or rich side of an optimum value near stoichiometric. 

The conditions in the actual conib^istor can he far from the ideal 
conditions for ignition represented in reference 1. The turbojet -engine 
fuel is a liquid that must he sprayed into the combustor in a pre- 
scribed pattern, atomized, vaporized, and so mixed with the air in the 
zone of the spark plug that a favorable f\iel-air ratio is obtained, 
despite the very short time available as the fuel-air mlxtvire flows 
past the spark-plug electrodes. 

Research is being conducted at the KACA Lewis laboratory on full- 
scale engines and on single combustors to determine the relative impor- 
tance of the several factors eiffecting ignition with a view to extending 
the altitude starting limits of the engine (references 2 to 4) . Ref- 
erences 2 and 3 report results of the effect of fuel volatility on 
the altitude starting limits of a fxill-scale turbojet engine and a 
single tubular combustor, respectively. Reference 4 presents results 
of an investigation conducted on a full-scale axial-flow tixrbojet engine 
in the MCA Lewis altitude wind tunnel to determine the operational 
characteristics of several ignition systems (with conventional spark 
energies and different spark-plvig locations in the combustor) for a 
range of simulated flight conditions. 

The investigation reported herein was conducted to determine the 
energy req'ulrements for ignition in a single tubular conibustor. The 
following data were obtained with three turbojet engine fuels of differ- 
ent volatility: 

1. The ignition energy requirements for combustor-inlet conditions 
simulating sea-level engine cranking for an ambient temperature range 
of 70° to -60° F. 

2. The ignition energy requirements for a range of conibustor 
inlet-air pressures and flow rates at constant inlet-air and fuel 
temperatures. 

3. Comparisons of the combustor inlet -air pressures and flow 
rates limiting ignition with those limiting steady-state biurning. 
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FUELS 


The following three fuels of current interest for lose in turbojet 
engines were chosen for the ignition studies: 

1. JP-1 (mil -F- 5616, NASA fuel 48-306), a low-volatility fuel with 
a Reid vapor pressure of 0 - 0.2 pound, per square inch. 

2. JP-3 (MIL-F-5624, MACA fuel 50-174) a hi^-volatility fuel, 
with a Reid vapor presstire of 6.5 pounds per square inch. 

3. Modified JP-3 fuel (NACA fuel 49-246) obtained by removing 
volatile coniponents from a MIL-F-5624 stock to adjiist the Reid vapor 
pressure to a n omina l 1.0 pound per sqToare inch, (in this report, 
this modified fuel will be referred to as the 1-pound fuel.) 

Analyses of the three fuels are given in table I. Distillation 
curves of the three fuels are presented in figure 1. 


APPARATUS 

Combustor 

A diagram of the single -conib us tor installation is shown in fig- 
ure 2. Air flow to the combustor was measured by a square-edged orifice 
plate Installed according to ASME specifications and located upstream of 
all regulating valves. The inlet-air temperature was regulated by the 
use of electric heaters and refrigerated air. The combustor -inlet air 
quantities and pressures were regulated by remote-control valves in the 
laboratory air-supply eind exhaust systems. Instrumentation for indicat- 
ing total pressures and tenperatures at the inlet and exhaust of the 
combustor is described in reference 5. 

A section through the upstream end of the combustor showing the 
relative position of the spark plug and fuel-spray nozzle is shown in 
figure 3. A variable -area fuel-spray nozzle (reference 6) was used 
because a satisfactory spray could be obtained at considerably lower 
fuel -air ratios than with the standard simplex nozzle. The Incliided 
angle of the conical spray, as observed in still air, varied from 
100° to 90° for the fuel-flow range Investigated. The fuel system, 
described in reference 3, included a refrigeration system with suitable 
controls for regulating tenperatxure of the fuel to the burner. Fuel flow 
rates to the conibustor were measured by rotameters calibrated for each 
fuel. 
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Ignition System 

Th.e ignition system consisted of a special hi^-energy power supply 
and controls so that the voltage, condenser capacitance, anfl sparking 
rate could he varied throtigh wide limits, allowing a variation in spark 
energy from several mllll joules to about 16 joules. Figure 4 shows a 
block diagram of the essential circuit configuration. A standard 
aircraft -type spark plug was used. Beca^ise the high spark energy eroded 
the electrode points very rapidly, the sparking time for each ignition 
start was limited to 30 to 45 seconds and the sparking rate was main- 
tained at 7 to 8 sparks per second except where otherwise noted. Pre- 
liminary tests Indicated that ignition limits were imaffected by 
increasing the sparking rate from 8 to 45 per second at one moderate 
(0.72 joule) constant spark energy. 

The energy was calculated as (reference 7) 

E a ^ C (1) 


where 

E energy, joules 
C capacitance, farads 
V voltage, volts 


PROCEDURE 

The sea-level Ignition tests were conducted at conditions simu- 
lating a sea -level engine cranking speed of about 9- percent normal rated 
rpm for a simulated ambient tengjerature range from 70° to -60° P. The 
corresponding combustor inlet-air pressures, temperatures, and flow 
rates (Ib/sec/sq. ft based on a combustor maximum cross-sectional 
area of 0.267 sq ft) arc shown in figure 5. Fuel at the simulated tem- 
perature was admitted to the burner by opening the throttle slowly until 
ignition was obtained, allowing a maximum time interval of about 30 sec- 
onds for ignition. The occvtrrence of ignition was indicated by a tem- 
perature rise in the combustor. The criterion for satisfactory ignition 
was that the flame fill the combustor and continue burning after the 
spark was de-energized. 

Prior to the altitude ignition investigation, the steady-state 
burning limits of the combustor were determined as a basis for judging 
the ignition requirements of the combustor. At conditions (-10° F 
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inlet -air temperature and -4:0° F fuel- inlet temperature) representative 
of inlet temperatures for altitude engine-windmilling, the Tninimum and 
TnaviTtniTn fuel-flow rates at -which steady-state turning covild he obtained 
were determined for a range of inlet-air pressures and flow rates. 

The procedure in obtaining the altitude ignition data -was to choose 
a pressiire, higher than the burning-limit pressure^ at each air-f low- 
rate and by trial to determine the ml-ni-mum spark, energy required for 
satisfactory ignition. This procedure -was repeated for successively 
lower press-ures until a limiting press-ure -was reached where ignition 
was not possible, even -with an energy of 10 joules per spark. The 
inlet -air and fuel temperatures were maintained at the same values as 
in the determination of the steady-state burning limits. 

It -was desired to ob-tain ignition limits -with a system typical of 
current practice in order to compare these limits -with those obtained 
■with the nonconventlonal high-energy systems investigated. Several con- 
ventional t-urbojet ignition systems provide from 0.016 to 0.033 joule - 
at sparking rates from 400 to 800 per second. A n-umber of tests were 
therefore mside -with the ignition energy set at 0.025 joule and the 
sparking rate at 200 per second (the maximum rate permiBsible -with the 
test apparatus ) } this system is referred to as the "conventional" 
ignition system. 


EESUITS MD DISCUSSION 
Ignition at Sea-Level Conditions 

The effect of ambient temperature on the minimum spark energy 
required for successful combustor ignition at simulated sea-level 
engine cranking conditions is sho-wn in figure 6. The spark energies 
required increased rapidly -with a decrease in ambient temperat-ure for 
the three test fuels. For example, the 1-pound fuel required 
0.007 joule for ignition at 27° F, but required 1.0 joule at -60° F, 
or an increase of 143 to 1. The most -volatile fuel, JP-3, req-uired 
the least ignition energy at the lower ambient ten 5 >eratures , which is 
in agreement -with the trends presented in reference 3 -with cons-tant 
spark energy. The low volatility fuel, JP-1, required the highest 
ignition energy and the res-Ults were the least consistent, as indi- 
cated by the scatter of the da-ba for this fuel. With JP-1 fuel, the 
reqiiired energy increased from 0.022 to 1.5 joules as the ambient 
temperature -was decreased from 70° to -60° F. 

The res-ults shown are for a sparking rate of 8 per second. At very 
high sparking rates such as are used in conventional Ignition systems 
the spark energies reqxilred wo-uld probably be somewhat lower, particu- 
larly in the low energy range. The differences in spark energy reqTolred 
for the 3 fuels might also be affected by large changes in sparking rate 
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Altitude Steady-State Burning Limits 

The results of the steady-state btuming -limit investigation are 
sho-wn in figure 7 for the three fuels. At any fuel-air ratio, stable 
combustion may be obtained only at a pressure above the limiting pres- 
sure Indicated by the curve. The general shapes of the burning limit 
curves are similar. The minimum pressure at •which combustion may be 
xoaintained decreases -with a decrease in air-flow rate. The fuel-air 
ratio required for burning at minimum pressures -was relatively unaf- 
fected by air flow except at very low air-flow rates. The displacement 
of the lowest air -flow curve (0.37 Ib/(sec)(sq. ft)) to higher fuel-air 
ratios can be attributed to poor fuel-spray characteristics at the 
attendant low fuel-flow rates. By replacing the variable-area fuel 
nozzle with a smaller nozzle (nominal 4.5 gal/hr at 100 Ib/sq in. noz- 
zle pressure) that would produce a satisfactory spray at lower fuel 
flow rates, the curve for 0.37 pound per second per square foot was 
shifted to lower fuel-air ratios ■with little significant charge in the 
minimum pressure limit (fig. 7(c)) . The minlmuTn press'ures and the 
corresponding air-flow rates from figure 7 are plotted in figure 8 to 
conpare the burning limits at optimum fuel-air ratio for the three 
fuels. These curves represent the limits of steady-state burn ing and, 
hence, the limiting air -flow rates and pressures at which ignition is 
possible. Slightly lower pressrire limits were obtained with the more 
volatile JP-3 fuel) however, this difference in limiting pressxjre -was 
only about. 1.5 inches of mercury. 


Altitude Ignition 

The minimum ignition-energy requirements, at optimum fuel -air 
ratios, for the three fuels are shown in figure 9. With the volatile 
JP-3 fuel (fig. 9(a)), a large increase in spark-energy requirements 
accompanies a decrease in combustor pressure iintll a limiting pressure 
is approached below which ignition could not be obtained even ■with 
very high spark energies. Also at constant coanbustor-inlet pressure, 
an increase in air-flow rates (or air velocity) requires an increase 
in spark energy. The same trends may be observed for the less volatile 
1-pound fuel (fig. 9(b)) except that the ciirves wo^uld probably become 
parallel to the energy-scale ordinate at higher spark energies. Da-ba 
for the low- volatility JP-1 fuel are sho-wn in figure 9(c). Exceptions 
to the regular trend of ignition energy -with air flow, ■which was 
observed with the more volatile fuels, are p^vident in figure 9(c). As 
in the case of ■the sea-level ignition inves^tigatlon, ignition with this 
low-volatility fuel ■was erratic and unpredictable. 
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A cross plot of the Ignition ^ta of figure 9 is shown in fig-, 
ure 10. Combustor inlet-air pressure is plotted against air-flow rate 
for constant spark energies j the huming-limlt curves (fig. 8) are ’ 
included for comparison. Any point on an energy line represents the 
mini.-muTn spark energy required for Ignition at the particular pressure 
and air- flow condition. With the JP-3 and 1-pound fuels (figs. 10(a) 
and (h))j an increase in spark energy from 0.025 joule to 10 joules 
extended the limits of ignition to conditions approaching the burning 
limits of the ccm±iustor_, particularly at intermediate and low air-flow 
rates. It would appear that only very small gains could be expected 
for spark energies greater than 10 joules for these more volatile 
fuels . 

The dotted curve in figure 10 shows Ignition limits obtained with 
the "conventional" system, 0.025 joule per spark and 200 sparks per 
second. The ingjrovement shown in figure 10(a) of the conventional 
0.025-joule curve over the 0.025-joule curve obtained from the data of 
figure 8 is due to the hi^er sparki n g rate (200 per second); however, 
in preliminary tests with a higher spark energy (0.72 joule), increas- 
ing the sparking rate from 8 to 45 per second had little effect on Igni 
tlon limits . It may be surmised that ignition of sprayed cold fuel is 
aided when spark electrodes become hot enou^ to produce appreciable 
vaporization of the fuel droplets striking them. For the lcw-en,ergy 
(0.025 joule) case, the Increase in sparking rate may have appreciably 
increased the temp^ature of the spark electrodes, whereas for the 
higher energy (0.72 joule) case, the electrode ten 5 )erature may have 
been sufficiently high Over the range of sparking rates investigated. 

With the conventional energy of 0.025 joule, ignition coiold not 
be obtained at as low pressures (or high air-flow rates) with the 
1-pound fuel as with the JP-3 fuel; however, the response to increases 
in energy was greater with the 1-pound fuel. This observation is pos- 
sibly indicative of the necessity for hi^ spark energies to vaporize 
fuel since a spark of 1 joule or more supplies a large excess of energy 
over that required for ignition of ideal mixtures at the pressure 
encountered (reference l) . 

Data for the lowest volatility fuel, JP-1, are presented in fig- 
ure 10(c) . Increasing the spark’ energy from the conventional 
0.025 joule to 10 joules allowed increases in the ignition limits com- 
parable to those obtained with the 1-pound fuel at high and inter- 
mediate air -flow rates. At low air -flow rates with the lowest vola- 
tility fuel, the constant-energy curves show an Increase in limiting 
pressTore with a decrease in air -flow rate; this is contrary to the 
trends observed with the more volatile fuels and is probably due to 
insufficient vaporized fuel in the vicinity of the spark when the 
lowest volatility fuel is sprayed into a low-velocity air stream. 
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A comparison of the ignition limits of the three fuels is shewn in 
figure 11 for a spark energy of 10 Joules. The more volatile fuel 
(jP-3) has slightly lower pressijre ignition . limits than the 1-pound 
fuel. At intermediate air -flow rates, the ignition limits of the least 
volatile fuel (JP-I) were similar to those of the more volatile fuels; 
at low and high air -flow rates, however, they were inferior to those of 
the more volatile fuels . ' , 

The differences in the houndaries of ignition and the burning limit 
curves indicated in figure 10 arei smallest at the intermediate air-flow 
rates for the lowest volatility fuel and at the intermediate and low 
air -flow rates for the higher volatility fuels. The lower air -flow 
rates represent the range of conditions that would probably be encoun- 
tered in attempted - engine starts at altitude windmilling conditions. 

The actual operational limits of the turbojet engine would occur at 
somewhat higher pressures than the bia^ning limits that have been pre- 
sented, because the combustor must not only sustain combustion but 
must also produce sufficient temperature rise to operate the engine. 

A spark energy of 10 Joules, therefore, appears to be suffiplent for 
ignition in the combustor at most engine operating conditions. Also, 
as shown in figure 11, a spark energy of 10 Joules will provide equally 
satisfactory ignition of both low and high volatility fuels over a wide 
range of operating conditions. 


Reproducibility 

The tailed points shown in figures 9(a) and 9(b) represent check 
data obtained not only to extend, the ignltlon’-limlt curves but also to 
indicate, to a limited extent, the reproducibility of the results. In 
general, the reproducibility improved with an increase in fuel volatil- 
ity and with an Increase in spark energy. Similarly, ignition with the 
more volatile. fuels was obtained more consistently, and in a shorter 
time interval than with the lower volatility fuels. 


SUMMARY OF RESULTS 

The following results, were obtained from an investigation of the 
spark— energy req.ulrements for ignition in a single tubiilar turbojet- 
engine combustor operated with three fuels of different volatility. 

1. For ignition at simulated sea-level engine cranking conditions, 
a decrease in ambient temperature from 70° to -60° F required an 
increase in spark energy from 0.022 to about 1.5 Joules for the lowest 
volatility fuel investigated; coatparable trends were obtained with 
more volatile fuels. 
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2. The altitude Ignition limits were extended hy increasing the 
spark energy above that of the conventional Ignition system. A spark 
energy of approximately 10 Joules per spark at a sparking rate of 8 per 
second gave satisfactory ignition at combustor- in let conditions 
approaching the steady-state burning limits of the combustor at low 
and intermediate air -flow rates. 

3. For most of the conditions Investigated the hl^er volatility 
fuel required less ignition energy than the lower volatility fuels. 


Lewis Flight Propiilslon Laboratory, - 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio . 
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TABLE I - FUEL ANALYSIS 



jp-i 

MIL-F-5616 
(MCA fuel 
48-306) 

JP-3 

MIL-F-5624 
(NACA fuel 
50-174) 

Modified 

JP-3 

(MCA fuel 
49-246) 

ASTM distillation, °F 




Initial boiling point 

340 

114 

210 

Percent evaporated 




5 

350 

128 

224 

10 

355 

138 

243 

20 

360 

149 

276 

30 

364 

160 

302 

40 

367 ‘ 

174 

328 

50 

375 ‘ 

188 

355 

60 

380 

204 

384 

70 

384 

231 

413 

80. 

391 

330 

441 

90 

402 

439 

478 

Final boiling point 

4=40 

533 

560 

Residue, percent 

1.0 

1.0 

1.0 

Loss, percent 

1.0 

1.0 

1.0 

Freezing point, °F 

<-76 

-72 

<-76 

Aromatics, percent by volume 




Silica Gels' 

15 

5.7 

23.5 

Viscosity, centistokes at 
-40° F 

9.2 

1.65 

4.28 

Bromine number 

0 . 

0.9 

7 

Reid vapor pressure, Ib/sq. in. 

0-0.2 

6.5 

1.0 

Hydrogen-carbon ratio 

0.154 

0.172 

0.157 

Heat of combustion, Btu/lb 

18,530 

18,800 

18,560 

Specific gravity 

0.830 

0.725 

0.803 

Accelerated gum, mg/lOO ml 

0 



Air jet residue, mg/lOO ml 

1 



Sulfur, percent by weight 

<0.02 




®'DetenainecL "by modified method of reference 8. 








Temperature 
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Flgiure 4- - Block diagram of hl^^enargy Ignition source and controls. 
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Spark energy. Joules 
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Figure 6. - Effect of ambient temperature on ignition of three fuels of different volatility at 
simulated engine cranking speed of 9-peroent normal rated rpm and static sea-level oondltirais. 







Combustor- Inlet total pressure, In. Hg aba. 
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Fuel -air ratio 


(a) JP-3 fuel (NAdA fuel 50-174) . 

Figure 7. - Effect of air-flow rate and pressia:e on Imming limits of 
single tubular combustor . Inlet-air ten^rature, -10° F; inlet-fuel 
tanperature, -40° F. 






Combustor- inlet total pressure, in. Hg abs 
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Puel-air ratio 

(b) 1-pound fuel (NACA fuel 49-246} . 

Figure 7 . - Continued. Effect of air-flow i^te and pressure on burning 
llmite of single tubular combustor. Inlet-air temperature, -10® Fj 
inlet-fuel temperature, -40° F. 




CcanbUBtor-inlerb total pressure, in. Hg ats. 
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Sumlng 



Fuel 

liACA fuel 

Reid vapor 
pressure 
(ib/cKL in-) 

o 

JP-1 

48-306 

0 - 0.2 

□ 

1-pound fuel 

49-246 

1.0* 

a 

JP-3 

50-174 

6.5 


Air flow, lb/(aec)(sq ft) 

Figure 8, - Effect of fuel volatility, air-flow rate, and OTessure on iTuming limits 
of single tubular combustor. Inlet-air tenperature, -10° F; inlet-fuel tenp^rature. 
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(a) JP-3 fuel (NACA fuel 50-174). 

Figure 9. - Effect of air-flow rate and presB\jre on spark 
energy required for ignition in sin&Le tubular conibustor. 
Inlet-air temperature, -10° Pj inlet- fuel temperature, 
-40° F. 


Spark energy. Joules 
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4 8 12 16 20 24 28 

Cccibustor-lnlet total pressure, in. Eg abs. 

(b) 1-pound fuel (MCA fuel 49-246). 

t 

Figure 9. - Continued. Effect of air-flow rate and pressure on spark 
energy required for ignition in single tubular combustor. Inlet-air 
temperature, -10° F> inlet -fuel temperature, -40° F. 
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ComToustor- inlet total pressure, in. Hg abs. 


24 


NACA EM E51A24 



Air flow, lb/(aec)(sq, ft) 

(a) JP-3 fuel (MCA fuel 50-174) . 

Figure 10. - CompariBOu of boundaries of ignition and, burning limits of single 
tubular conibustor. Inlet-air temperature, -10° F} inlet-fuel temperature, 
-40° P. 
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Figure 10. - Continued. Comparison of boundaries of Ignition and burning limits of 
single tubular combustor. Inlet-air temperature, -10° Fj Inlet-fuel temperature, 
-40° F. 
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Plgure 10. - Concluded. Canparleon of boundaries of ignition and burning limits of 
combustor. Inlet-air temperature, -10° Fj inlet-fuel tengierature, 



cn 



0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 

Alx flOW; lb/(s©c)(BQ. ft) 

Figure 11. - Consarlaon of Ignition llmltB In single tiibular coslbustor for three fuels 
of different volatility. Spark energy, 10 Joules^ sparking rate, 7 to 8 per seccnd) 
Inlrt-alr temperature, -10° F; Inlet-fuel tanperature, -40° P, 
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